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Functional selection of genetic suppressor elements (GSEs), engi-
neered gene fragments that interfere with the function of a
particular gene product, was used to identify regulators of FAS-
induced apoptosis. Chicken DF-1 cells expressing human FAS re-
ceptor and susceptible to FAS-induced apoptosis were infected
with a GSE library consisting of randomly fragmented normalized
chicken cDNAs in a replication-competent avian retroviral vector.
Virus-producing cells were subjected to several rounds of selection
using FAS agonistic antibodies, resulting in isolation of a set of
GSEs conferring resistance to FAS-induced apoptosis. Surprisingly,
one of the isolated GSEs encoded a 42 amino acid-long polypeptide
derived from the C-terminal half of cytochrome b (Cyt b) encoded
by the mitochondrial genome. Subsequent experiments showed
that caspase 8-dependent cleavage of mitochondrial Cyt b and
translocation of its C-terminal half into the cytoplasm occurred
during FAS-induced apoptosis in both chicken and human cells.
Ectopic cytoplasmic expression of either full-length Cyt b or its
C-terminal half in several human cell lines induced apoptosis,
which could be suppressed by the isolated GSE, but not by Bcl2
over-expression or Apaf-1 or cytochrome c knock-down. These results
reveal a cytochrome c-independent branch of FAS-induced apoptosis
involving cleavage and cytoplasmic release of mitochondrial Cyt b.
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AS is a member of the death domain-containing tumor necrosis

factor receptor family of proteins that regulate apoptosis (1-3).
FAS-induced apoptosis occurs upon binding of its physiological
ligand, FAS ligand (FASL), or experimental FAS agonistic anti-
bodies (4). The major physiological function of this conserved
apoptotic pathway is to support homeostasis of the immune system,
directing elimination of self-reacting lymphocytes and proliferation
and maturation of some lymphocyte populations (5). Deregulation
of the FAS pathway has been implicated in various malignancies
and diseases (4). Tumor cells often escape immune attack by
suppressing the FAS pathway or by using it to their advantage (3,
6, 7). For example, some tumors up-regulate expression of FASL to
induce apoptosis in infiltrating lymphocytes (4). Some viruses
promote their propagation by expressing FAS-inhibitory proteins
(8, 9). Mutations in FAS and some haplotypes of FAS splice
variants are associated with human diseases (4).

Binding of FASL or FAS agonistic antibodies to FAS on the cell
surface triggers the extrinsic pathway of apoptosis through forma-
tion of a death-inducing signaling complex (DISC) (10). DISC
contains a number of adaptor proteins, caspases 8 and 10 and c-Flip,
a negative regulator of caspase 8 (11) that is used by some tumor
cells and viruses to acquire FAS resistance (12). DISC formation is
the main mechanism of FAS-mediated killing in cells designated
“type I’ (H9, SKW6.4, human lymphocytes). However, in “type II”
cells (Jurkat, CEM, HeLa, human hepatocytes), FAS-mediated
apoptosis occurs via the intrinsic pathway (13). Type II cells do not
form enough DISC to induce apoptosis directly; instead, DISC-
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activated caspase 8 cleaves the Bcl2 family member Bid (14), which
triggers the mitochondrial pathway of apoptosis (15) involving
cytochrome ¢ (Cyt c) release and activation of the Apafl/
procaspase 9 apoptosome (16). Other mitochondrial components
have recently been defined as apoptosis mediators, including AIF,
SMAC/Diablo, and Omi (16-20); however, their relative impact on
FAS-mediated death remains unclear.

In this study we sought to identify different components and
modulators of the FAS pathway through an unbiased genetic
suppressor element (GSE) (21) library screen. This method allows
identification of genes associated with specific cellular phenotypes
by functional selection of cells expressing GSEs, engineered gene
fragments constructed to encode either antisense RNAs or dom-
inant negative partial proteins. Developed in 1992 (22), GSE
technology has been used to identify unique genes involved in
tumor suppression, drug sensitivity, apoptosis, and growth regula-
tion (21, 23, 24). In past studies, GSE libraries were constructed in
mammalian retroviral vectors that required packaging cells to
produce viral stocks of the GSE library and selected clones and a
second cell type for functional selection. Because clone rescue
between rounds of selection was laborious and somewhat unreli-
able, we have modified the method to use a GSE library constructed
in an RCAS avian retroviral vector (25). Because RCAS vectors are
replication competent, functional selection can be performed di-
rectly on the virus-producing cells.

We used this method to isolate GSEs conferring resistance to
FAS apoptosis in chicken cells expressing human FAS. Several of
the isolated GSEs corresponded to genes with known relevance to
apoptosis. However, one corresponded to the cytochrome b (Cytb),
a mitochondrial DNA-encoded component of complex III of the
mitochondrial electron-transport chain (26-28), which has not
previously been linked to apoptosis or any other nonmitochondrial
activity. We were intrigued by how a GSE-encoded fragment of a
mitochondrial protein could affect FAS apoptosis when expressed
in the cytoplasm. This apparent paradox was resolved by our work
demonstrating a different role for a processed Cyt b protein as a
cytoplasmic mediator of FAS-induced apoptosis.

Results

Identification of GSEs Suppressing FAS-Mediated Apoptosis. We de-
signed a modified GSE screening approach that allows direct
phenotypic selection of cells producing GSE-encoding retroviruses
(see Materials and Methods for details). This was made possible by
the use of a GSE library prepared in a replication-competent avian
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retroviral vector [RCAS series (25); see supporting information (SI)
Fig. S1] comprised of randomly fragmented and normalized
chicken cDNAs ligated to an adaptor enabling translation of the
inserts in all three reading frames (a gift of E. Feinstein, see SI Text
for details).

To use this library for identification of mediators of FAS-
dependent apoptosis, we established a chicken cell line permissive
to RCAS replication that is susceptible to apoptosis induced by
human FAS agonistic antibodies. Chicken DF-1 cells transduced
with an RCAS construct directing expression of human FAS
(CD95) (Fig. 14) became uniformly susceptible to FAS agonistic
antibodies (Fig. 1B). This indicates that FAS was expressed in all of
the DF-1FAS cells and that human FAS can function with chicken
DISC components.

The scheme of isolation of GSEs conferring FAS resistance is
shown in Fig. 1D. Briefly, DF-1FAS cells were infected with virus
produced in DF-1 cells transfected with library DNA. Superinfec-
tion of DF-1F4S cells with the library was possible because the FAS
c¢DNA and GSE library were cloned into RCAS vectors differing in
their env genes (29-31). The protocol used for library transduction
ensured delivery of the library in its full complexity with each of the
1 X 10° clones delivered to at least 10 cells.

The library-transduced DF-1F4S cells were treated with a low
concentration of FAS antibody that allowed survival of one out of
10° untransduced cells. These conditions were chosen to allow
isolation of relatively weak GSEs and quantitative assessment of
their biological effects. The primary selection was performed on
five plates of 107 library-transduced cells and a single plate of 107
cells transduced with insert-free virus. Secondary and tertiary
rounds of selection were performed similarly. Each of the five
branches of library selection was processed separately to reduce the
risk of losing weak GSEs because of competition with stronger ones.

The first round of selection revealed an equivalent frequency of
FAS resistance in the library- and insert-free vector-transduced
populations (=500 clones were isolated from the five branches of
the library experiment and ~100 clones were isolated in the control
experiment). However, in the secondary and tertiary rounds of
selection, the selected viruses produced an increase in FAS resis-
tance as compared to the empty vector (Fig. 1C). The degree of
FAS resistance in each branch remained at the same level after
further rounds of selection, suggesting that a plateau had been
reached that presumably reflects the biological efficacy of the
selected viruses. It is possible that the strength of the effects of the
isolated virus populations might be reduced by competition of FAS-
and GSE-encoding RNAs during viral packaging. However, our
successful isolation of confirmed bioactive GSEs (see below) indi-
cates that such competition did not affect selection. Presumably
GSE-encoding RNA has a packaging advantage because it is
significantly shorter than the FAS-transcript.

Identification of the Genes Corresponding to FAS-Inhibitory GSEs. To
identify the genes corresponding to selected GSEs, total RNA was
isolated from the FAS-resistant populations of cells obtained after
tertiary selection. RT-PCR was performed with a GSE-specific
primer corresponding to the sense strand of the universal GSE
adaptor (see Fig. S1B). The PCR products were cloned back into
the RCAS(A) vector and sequenced. The isolated sequences are
listed in Table S1. Some of them represented fragments of genes
with known relevance to FAS-mediated apoptosis, including c-
FLIP (12, 32), NK receptor KIR/NKB (33, 34), and protein kinase
A (PKA) (35). The remainder corresponded to genes that have not
been previously associated with apoptosis. A subset of these rep-
resented highly abundant transcripts (fibronectin and actin) or
RNA sequences with no recognized relation to mammalian genes.

Because the same universal adaptor flanked each library insert
at both ends, the orientation of the recovered GSEs that was
effective in conferring FAS resistance was not known. We therefore
prepared two constructs for each GSE differing in the orientation
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Fig. 1. Identification of mediators of FAS apoptosis through GSE selection in
a chicken system. (A) Chicken DF-1 cells transduced with a retrovirus encoding
human FAS receptor (CD95) or an empty vector control were analyzed by
Western blot for CD95 and actin (control) expression. (B) Chicken cells express-
ing human FAS undergo apoptosis upon exposure to FAS agonistic antibodies.
Control DF-1 cells (vector) or DF-1 cells expressing human FAS (hFAS cDNA)
were left untreated (nt) or treated with anti-FAS antibody (Fas). Cell viability
was assessed 2 days later by methylene-blue staining. (C) Flow diagram of
RCAS-based GSE selection for identification of modulators of FAS apoptosis
(detailsin text). (D) Resistance to FAS-induced apoptosis conferred by enriched
pools of GSEs. Virus collected from GSE library-transduced (five independent
pools, numbered 1-5, gray bars) and empty vector-transduced (v, black bar)
DF-1FAS cells after secondary (2') and tertiary (3') selection was used to infect
DF-1FAS cells. Cells were exposed to FAS agonistic antibody and stained with
methylene-blue 1 week later. Survival is shown relative to the number of
colonies in the empty vector control, set at one unit for each selection. (E) GSEs
recovered following tertiary selection were expressed in DF-17S cells in sense
and antisense orientations. Cell viability was measured by methylene-blue
staining 4 h after addition of FAS agonistic antibody. EGFP was used as a
negative control. The gene names corresponding to each GSE are indicated.
Survival of cells expressing each construct is given relative to the same cells in
the absence of FAS antibody (set at 100%). Three independent experiments
were performed; error bars indicate standard deviations.

of the insert in the RCAS(A) vector and assessed their effect on the
FAS sensitivity of DF-1F4S cells. Viruses grown in DF-1 cells were
used to infect DF-1FAS cells, which were then treated with FAS-
agonistic antibodies. For the majority of tested sequences, one of
the two tested constructs was effective in conferring FAS resistance
(Fig. 1E). No FAS resistance was associated with isolated fibronec-
tin- and actin-derived sequences cloned in either orientation,
confirming that they represent background (data not shown).
Seven out of nine GSEs with confirmed activity demonstrated
the FAS protective effect only when cloned in their sense orienta-
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Fig. 2. Cytbis cleaved during FAS-induced apoptosis and its C-terminal part is released into the cytoplasm. (A) Intracellular distribution of Cyt b in DF-1 cells
left untreated (control) or treated with FAS-agonistic antibody in the absence or presence on the proteosomal inhibitor MG-132 (PI). Cytoplasmic and
mitochondrial fractions prepared either 1 or 2 h after treatment were analyzed by Western blotting with antibodies against Cyt b, proliferating cell nuclear
antigen (PCNA) (cytoplasmic marker) and Cyt c. Full-length (30 kDa) and cleaved (15 kDa) Cyt b are indicated by arrows. (B) Mitochondrial and cytoplasmic
fractions were prepared from Hela cells left untreated (control) or treated with FAS antibody at the indicated times after treatment (0.5-4 h). Fractions were
analyzed by Western blotting for Cyt b (full-length, 30 kDa, and cleaved, 15 kDa), GRP75 (mitochondrial marker), PCNA (cytoplasmic marker), and Cyt c. (C)
Western blot analysis of HeLa cells expressing full-length Cyt b, Cyt b>12-1146 (C-term), or the portion of Cyt b corresponding to GSE F21 in the cytoplasm. All
recombinant proteins contained a C-terminal FLAG tag and were detected using anti-FLAG antibodies. (D) Full-length Cyt b and Cyt b>12-1146 are toxic when
expressed in the cytoplasm. HelLa cells were infected with lentiviruses directing expressing of EGFP (negative control), full-length Cyt b, the C-terminal half of
Cyt b (Cyt b>12-1146), the N-terminal half of Cyt b or the portion of Cyt b corresponding to GSE F21 as indicated below each bar. Cell survival was measured by
methylene-blue staining 72 h after infection and is shown relative to the EGFP control (set at 100%). Here and in (E), the error bars indicate standard deviation
of three independent experiments. (E) Quantitation of cells with subG1 DNA content. FACS analysis was performed on Hela cells 72 h after infection with
lentiviral Cyt b constructs asin (D). (F) Time course of caspase induction in HeLa cells expressing cytoplasmic Cyt b. Activation of caspases 3/7 and 9/6 were measured
using the fluorogenic substrates DEVD-AMC (filled circles) and LEHD-AMC (open circles), respectively. AMC fluorescence resulting from substrate cleavage was

measured at the indicated times after substrate addition.

tion (see Fig. 1FE), suggesting that they likely act as protein
fragments. FAS resistance conferred by a truncated protein could
be to the result of dominant negative inhibition of a corresponding
endogenous protein required for apoptosis, or represent a func-
tional portion of an apoptosis inhibitor. For example, GSE F3
corresponds to the inhibitory subunit of PKA and presumably
causes inactivation of this regulatory subunit and subsequent acti-
vation of PKA, which has been implicated in prosurvival signaling
(35). On the other hand, GSE F25 derived from c-FLIP presumably
acts as a functional equivalent of the full-length c-FLIP protein, a
known suppressor of caspase 8 and inhibitor of FAS apoptosis (12,
32, 36).

One of the GSEs with confirmed sense orientation-dependent
activity was GSE F21, which encodes a 42 amino acid-long portion
of Cyt b, derived from its C-terminal half (see SI Text, Fig. S2). Cyt
b is encoded by the mitochondrial genome, synthesized inside
mitochondria and localized to the inner membrane of mitochondria
where it functions as a subunit of the mitochondrial electron
transport complex III. Cyt b has not been previously implicated in
apoptosis.

Cleavage and Release of a C-Terminal Portion of Cyt b into the Cytoplasm
During FAS-Mediated Apoptosis. While Cyt b resides inside mitochon-
dria, its corresponding GSE (F21) is expressed in the cytoplasm. To
investigate whether GSE F21 has a chance to act against its
endogenous target, we monitored the integrity and intracellular
localization of Cyt b during FAS apoptosis (Fig. 2 4 and B).
Mitochondrial and cytoplasmic fractions were prepared from
DF-1F4S cells and HeLa cells expressing endogenous FAS at
various times after treatment with FAS agonistic antibodies. The
quality of separation was assessed by detection of fraction-specific
marker proteins (e.g., PCNA as a cytoplasmic marker and GRP75
as a mitochondrial marker). Cyt c was used as a classic example of
a protein that undergoes mitochondria-to-cytoplasm translocation
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during apoptosis. Western blot analysis using P49 antibodies (37)
generated against a C-terminal peptide of Cyt b (location of epitope
is illustrated in Fig. S2) showed that in untreated (nonapoptotic)
cells, Cyt b (30 kD) was restricted to the mitochondrial fraction.
However, 0.5 to 1 h after FAS antibody treatment, a new band
corresponding to a 15-kDa protein was detected primarily in the
cytoplasmic fraction. Appearance of the 15-kDa Cyt b band in the
cytoplasmic fraction was accompanied by a decrease in the intensity
of the 30-kDa Cyt b band in the mitochondrial fraction. This profile
of Cyt b expression and localization was observed in both chicken
(DF-1FAS) and human (HeLa) cells.

Antibodies recognizing an N-terminal epitope of Cyt b also
revealed the decrease in full-length Cyt b in the mitochondrial
fraction of FAS antibody treated cells, but failed to identify the
15-kDa cytoplasmic band (data not shown). This result suggests that
the 15-kDa protein is the result of cleavage of mitochondrial Cyt b
and export of a C-terminal portion (roughly half) to the cytoplasm.
The sequence corresponding to GSE F21 lies within this C-terminal
portion (see Fig. S2). Neither cleavage nor translocation of Cyt b to
the cytoplasm were detected in the same cells (DF-1FAS and HeLa)
undergoing apoptosis because of treatment with staurosporin (data
not shown), indicating that this phenomenon is not an essential part
of any mitochondria-mediated apoptosis and might be specific for
FAS.

The identity of the protease involved in Cyt b cleavage during
FAS-induced apoptosis, as well as the exact cleavage site, remain to be
determined; however, it should be noted that cleavage of Cyt b was not
blocked by the proteasomal inhibitor MG-132 (see Fig. 24).

Cytoplasmic Expression of Cyt b or the C-Terminal Fragment Cyt h512-1146
Induces Apoptosis. Because Cyt b is encoded by the mitochondrial
genome and translated by mitochondrial ribosomes from mitochon-
drial RNA, we could not use gene knock-out or knock-down
techniques to test the role of Cyt b in FAS-induced apoptosis
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directly. As an alternative, we tested whether ectopic expression of
full-length Cyt b or a C-terminal portion predicted to correspond
to the 15-kDa Cyt b fragment (Cyt b>!2-114%) in the cytoplasm could
initiate apoptosis in the absence of FAS activation.

Because of differences in the nuclear and mitochondrial genetic
codes, we could not use the Cyt b coding sequence taken from
mitochondrial DNA for cytoplasmic expression of the protein. The
mitochondrial sequence of the Cyt b ORF contains 11 tryptophan
residues encoded by codons that are interpreted as stop codons in
the nuclear code. Therefore, we generated an artificial human Cyt
b gene sequence encoding the same amino acids but using codons
of the nuclear code that are most frequently used in the mammalian
genome to optimize translation (see Fig. S24). It should be noted
that GSE F21 does not contain any tryptophan codons.

In addition to full-length Cyt b, three Cyt b derivatives were also
generated from the recoded synthetic gene (see Fig. S24). Two of
these corresponded to the N- and C-terminal halves of the protein,
roughly corresponding to the putative cleavage products of Cyt b
generated during FAS-mediated apoptosis (Cyt b!=!! and Cyt
b312-1146 regpectively). The third encoded the 42 amino acid-long
portion of Cyt b corresponding to GSE F21. To simplify delivery of
these constructs into avian and mammalian cells, they were cloned
into a lentiviral vector. The ability of the constructs to drive
expression of FLAG-tagged proteins of the expected sizes in HeLLa
cells was analyzed by Western blot (Fig. 2C).

The effect of the generated Cyt b expression constructs on the
viability of HeLa cells is shown in Fig. 2D. Similar results were
obtained in DF-1 cells (data not shown). No cytotoxicity was
associated with expression of either the N-terminal portion of Cyt
b or the GSE F21-derived sequence. In contrast, expression of
either full-length Cyt b or Cyt b>12-1146 caused significant cell death,
which could be blocked by coexpression of the GSE F21-derived
sequence. This confirms that the apoptosis-inhibiting effect of GSE
F21 is because of specific interference of the GSE with the
biological activity of its cognate gene product, Cyt b. The fact that
the original GSE F21 (mitochondrial sequence) and the recoded
version (nuclear sequence) were equally effective in suppressing
FAS-induced apoptosis indicates that they act as dominant negative
peptides rather than inhibitory RNA molecules.

The apoptotic nature of the observed cell death was confirmed
by FACS analysis of cellular DNA content, showing that ectopic
expression of Cyt b or Cyt b!>14 jn HeLa cells results in
appearance of a large population of cells with subG1 DNA content
that can be blocked by coexpression of GSE F21(Fig. 2E, Fig. S3A4).
The proportion of cells with subG1 DNA content in cell cultures
infected with different Cyt b constructs correlated with their
cytotoxicity (see Fig. 2 D and E). In addition, ectopic expression of
Cyt b resulted in caspase activation as illustrated by caspase
enzymatic activity in cell lysates (Fig. 2F) and poly(ADP-ribose)
polymerase (PARP) cleavage (Fig. S3B). The proapoptotic activity
of Cyt b and Cyt b312-1146 was evident in several different cell lines
(including PC3 and CWR22R, Fig. S3 C and D).

Caspase 8 and Bid Mediate Cyt b Cleavage During FAS Apoptosis.
Caspase 8 activation is known to occur immediately downstream of
DISC assembly during FAS-mediated apoptosis (38). To determine
whether Cyt b release from mitochondria depends upon caspase 8
activation, we monitored Cyt b content in the mitochondria and
cytoplasm of cells treated with FAS agonistic antibodies in the presence
or absence of the specific caspase 8 inhibitor Z-IETD-FMK. As
expected, Z-IETD-FMK treatment of HeLa cells resulted in inhibition
of FAS-induced cell death (Fig. 34). In addition, we found that the
presence of Z-IETD-FMK resulted in reduced Cyt b cleavage (Fig. 3B).

Caspase 8 mediates the mitochondrial branch of FAS apoptosis
by proteolytic activation of Bid (1). We found that Bid knock-down
by specific shRNA not only makes HeLa cells resistant to FAS
agonistic antibody treatment, but also prevents Cyt b cleavage (Fig.
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Fig.3. Place of Cytb in the FAS apoptosis pathway. (A) Caspase 8 is required
for FAS-induced apoptosis. Cell survival was measured in HeLa cells by meth-
ylene-blue staining following treatment (at time 0 h) with FAS agonistic
antibody or FAS antibody plus Z-IETD-FMK (specific caspase 8 inhibitor). Three
independent experiments were performed; error bars indicate standard de-
viations. (B) Inhibition of Caspase 8 during FAS-induced apoptosis prevents Cyt
b processing. Mitochondrial (Top) and cytoplasmic (Bottom) fractions were
prepared from untreated Hela cells (nt) or 8 h after treatment with FAS
antibody plus cycloheximide (CHI) (Fas ab) in the absence or presence of
Z-IETD-FMK. Western blotting used the indicated antibodies including B-actin
and Cytochrome Oxidase Subunit IV as cytoplasmic and mitochondrial mark-
ers, respectively. (C) FAS apoptosis can be blocked by expression of GSE F21 or
Bcl-2 and requires caspase and FAS activity. Hela cells expressing EGFP (con-
trol), GSE F21, Bcl-2, or shFAS were treated with FAS antibody. Uninfected
Hela cells were treated with FAS antibody plus Z-VAD. Survival was measured
by methylene-blue staining 4 h after treatment and is shown for each cell type
relative to the same cells in the absence of FAS antibody. Here and in (E), three
independent experiments were performed: error bars indicate standard de-
viations. (D) Western blot analysis of HeLa mitochondrial (/left) and cytoplas-
mic (right) fractions 12 h after treatment with FAS antibody (nt, untreated).
Cells were infected before treatment with control or Bcl-2 lentiviruses. (E) Cyt
b-induced cell death can be blocked by GSE F21 or Z-VAD, but not Bcl-2. HelLa
cells were infected with EGFP (control), Cyt b, GSE F21, and Bcl-2 lentiviral
constructs. Z-VAD was added 24 h after infection and methylene-blue staining
was performed 48 h after infection.

S4B). Thus, activation of both caspase 8 and Bid is required for Cyt
b-dependent apoptosis.

Bcl-2 and Cyt b-Mediated Apoptosis. Blockade of caspase activation by
the pan-caspase inhibitor Z-VAD resulted in inhibition of Cyt
b-mediated apoptosis, as well as FAS-mediated apoptosis (Fig. 3 C
and E). This provides further evidence that Cyt b mediates an
apoptotic pathway and suggests that it functions in a manner similar
to Cyt c, through induction of the caspase cascade upon release into
the cytoplasm. To investigate how Cyt b fits into the current
paradigm of mitochondrial apoptosis, we analyzed the effects of
known regulators of mitochondrial apoptosis, Bcl-2 and Cyt ¢, on
apoptosis induced by FAS-agonistic antibodies or cytoplasmic Cyt
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b expression. Bcl-2 is an antiapoptotic member of a large family of
proteins that control apoptosis, at least in part, by regulating
mitochondrial outer membrane permeability. Activated Bcl-2
counteracts proapoptotic family members and prevents mitochon-
drial release of apoptogenic factors such as Cyt c, which activate
caspases in the cytoplasm (39). Bcl-2 over-expression effectively
blocks FAS-induced apoptosis in HeLa cells (see Fig. 3C), indicat-
ing that, as for other Type II cells, they die following FAS ligation
predominantly via a mitochondria-mediated mechanism. Analysis
of endogenous Cyt b in cytoplasmic and mitochondrial fractions of
cells overexpressing Bcl-2 following treatment with FAS agonistic
antibodies showed that Cyt b cleavage and cytoplasmic release of
its C-terminal portion were completely blocked (Fig. 3D). These
data suggest that Bcl-2 might block a specific signal originating in
the cytoplasm upon FAS activation that is required to trigger
mitochondrial events leading to Cyt b cleavage. Bcl-2 could presumably
prevent such a signal from passing through the mitochondrial mem-
brane. This hypothesis is supported by our finding that over-expression
of Bcl-2 did not alleviate apoptosis induced by ectopic cytoplasmic
expression of full-length Cyt b or Cyt b>'2-11% (see Fig. 3E).

Cyt cin Cyt b-Mediated Apoptosis. The failure of Bcl-2 over-expression
to prevent Cyt b-induced apoptosis suggests that FAS apoptosis
mediated by Cyt b might involve a different intrinsic pathway
independent of Cyt c/Apaf-1. To test this hypothesis, specific
shRNAs were used to knock down expression of Apaf-1 (Fig. 44)
or Cyt ¢ (Fig. 4B) in HeLa cells. Cells were then treated with FAS
agonistic antibodies. Knock-down of either component of the
apoptosome resulted in a similar significant delay in the rate of
FAS-induced cell death; however, the overall extent of cell death
48 h after FAS antibody treatment was the same, regardless of Cyt
c or Apaf-1 presence or absence (Fig. 4C). At 4 h after FAS
antibody treatment, nearly 90% of cells with intact Cyt c¢/Apafl
were dead, as compared to only ~50% of cells lacking Cyt ¢ or
Apaf-1. This could not be accounted for by incomplete gene
knock-down, because shCyt ¢ completely blocked apoptosis in-
duced by staurosporine, a known inducer of intrinsic apoptosis (Fig.
S5A4). These observations indicate that the Cyt c/Apaf-1 pathway
can accelerate but is not essential for FAS-mediated apoptosis. In
addition, FAS-induced disappearance of Cyt b from mitochondria
(see Fig. 4B) and apoptosis induced by cytoplasmic expression of
Cyt b were unaffected by knock-down of Cyt ¢ (Fig. 4D). Moreover,
expression of GSE F21 increased the proportion of surviving cells
to a level that did not depend upon Cyt ¢ knock-down (see Fig. 4C).
Taken together, these data suggest that Cyt b acts independently of
Cyt ¢ during FAS apoptosis (Fig. S6).

Discussion

In this study, we used a previously unusedGSE method based upon
RCAS replication competent avian retroviral vectors that allow imme-
diate rescreening of enriched virus subpopulations after each round of
functional selection. In addition to expedited screening, this system also
offers improved safety, as chicken retroviruses cannot replicate in
mammalian cells. The concern of biological differences between avian
and mammalian cells is not a serious drawback when the method is
applied to evolutionarily conserved pathways.

The RCAS-based GSE method was validated by our isolation of
a number of GSEs capable of protecting both chicken and human cells
from FAS-mediated apoptosis. The known involvement of several of
the identified genes in apoptosis provided confidence in our method
and suggested that isolation of a GSE corresponding to Cyt b was
meaningful. Our investigation into the relevance of Cyt b to FAS-
induced apoptosis revealed that cleavage and cytoplasmic release of a
C-terminal portion of Cyt b occurs during FAS-induced apoptosis and
that cytoplasmic expression of Cyt b is sufficient to induce apoptosis.

Several lines of evidence indicate that FAS-induced cleavage of
Cyt b occurs inside the mitochondria before its release into the
cytoplasm. First, ectopically expressed cytoplasmic Cyt b was not
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Fig. 4. Limited dependence of FAS apoptosis on Cyt c and Apaf-1. (A) RT-PCR
detection of Apaf-1 and actin RNA in Hela cells expressing shRNAs targeting
Apaf-1 or EGFP (control). (B) Suppression of Cyt c does not affect Cyt b processing
during FAS apoptosis. HelLa cells expressing shCyt ¢ or shLuc (negative control)
were left untreated (nt) or treated with FAS agonistic antibody and CHI (Fas ab).
Western blot analysis of Cyt b and Cyt c was performed on mitochondrial (Upper)
and cytoplasmic (Lower) fractions 8 h after treatment. Cytochrome Oxidase
Subunit IV (OK Phos Compl IV) and B-actin were used as mitochondrial and
cytoplasmic markers, respectively. (C) Time course of FAS apoptosis in control
Hela cells and Hela cells expressing the indicated constructs. Methylene-blue
staining was performed at the indicated times after exposure to FAS antibody
plus CHI. Here and in (D), three independent experiments were performed; error
bars indicate standard deviations. (D) Knock-down of Cyt c does not prevent Cyt
b-induced apoptosis. Methylene-blue staining was performed in control HelLa
cells and Hela cells expressing cytoplasmic Cyt b (pLVCytb), shRNA targeting Cyt
¢ (shCytc) or both. Survival was measured 3 days after lentiviral infection.

cleaved upon treatment with FAS agonistic antibodies (data not
shown). Second, in our cell fractionation experiments full-length
Cyt b was only observed in mitochondrial fractions. In addition, our
finding that ectopic cytoplasmic expression of either full-length Cytb or
Cyt b312-1146 induced apoptosis supports the idea that intra-
mitochondrial cleavage of Cyt b is needed not for activation of its
proapoptotic activity, but rather for its release from the mitochondria.
If cleavage of Cyt b is a prerequisite for its release to the
cytoplasm, then the antiapoptotic activity of GSE F21 might be
because of its acting as an inhibitor of Cyt b cleavage. However,
although GSE F21-expressing cells are resistant to FAS-dependent
apoptosis, FAS antibody treatment still results in cleavage and
cytoplasmic release of Cyt b in these cells (data not shown). This,
together with the proapoptotic effect of cytoplasmic Cyt b and
inhibition of this effect by GSE F21, indicate that the GSE blocks
some proapoptotic cytoplasmic function of Cyt b (see below).
Our data suggest the following hypothetical sequence of events
occurring upon FAS activation (see Fig. 4): Caspase 8 activation
following DISC formation results in generation of a signal of
unknown nature that triggers intra-mitochondrial cleavage of Cyt b.
This signal is Bid-dependent and can be blocked by over-expression
of Bcl-2, suggesting that it involves a factor passing through the
mitochondrial pore. It is unlikely that Bcl-2 acts at the point of the
Cyt b C terminus leaving the mitochondria, because Bcl-2 over-
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expression prevents Cyt b cleavage. The C-terminal half of cleaved
Cyt b then appears in the cytoplasm. Given the high hydrophobicity
of Cyt b and its tight binding to the inner mitochondrial membrane
(27), it will be important to identify mediators of this process.

One hypothesis regarding the mechanism of action of the C-
terminal Cyt b peptide is that it induces activation of the caspases
that execute apoptosis through interaction with a cellular factor, a
process which might be blocked by GSE F21. The identity of such
cellular mediators of Cyt b-induced caspase activation and of the
protease responsible for Cyt b cleavage remains to be determined.
These are likely to be unique factors, as (i) the classic Cyt c/Apaf-1
apoptosome is not responsible for Cyt b-induced apoptotic func-
tion, and (if) there are no conventional protease cleavage sites
recognizable within Cyt b (although there is a cluster of three overlap-
ping imperfect caspase-recognition sites in the middle of Cytb) (see Fig.
S2). Complete elucidation of the Cyt b apoptosis pathway will be
important to resolve the apparent discrepancy between the near
complete block of FAS apoptosis observed with Bcl-2 over-expression
(see Fig. 3C) and the lack of complete inhibition seen upon knock-down
of Cyt c or Apaf-1 (see Fig. 4), suggesting that FAS signaling only
partially goes through the canonical Cyt c path.

Preliminary observations (see Fig. S4 A and B) suggest that a
similar Cyt b-mediated mechanism is involved in apoptosis initiated
by TRAIL and TNFe, thus extending the generality of the de-
scribed phenomenon beyond FAS apoptosis to all death receptor-
mediated programmed cell death.
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